Tear size and location impacts false lumen pressure in an ex vivo model of chronic type B aortic dissection  by Tsai, Thomas T. et al.
BASIC RESEARCH STUDIES
Tear size and location impacts false lumen
pressure in an ex vivo model of chronic
type B aortic dissection
Thomas T. Tsai, MD,a Marty S. Schlicht, MS,b Khalil Khanafer, PhD,b Joseph L. Bull, PhD,b,c
Doug T. Valassis, BSE,b David M. Williams, MD,d Ramon Berguer, MD, PhD,b,c
and Kim A. Eagle, MD,a Ann Arbor, Mich
Background: Follow-up mortality is high in patients with type B aortic dissection (TB-AD) approaching one in four
patients at 3 years. A predictor of increased mortality is partial thrombosis of the false lumen which may occlude distal
tears. The hemodynamic consequences of differing tear size, location, and patency within the false lumen is largely
unknown. We examined the impact of intimal tear size, tear number, and location on false lumen pressure.
Methods: In an ex-vivo model of chronic type B aortic dissection connected to a pulsatile pump, simultaneous pressures
were measured within the true and false lumen. Experiments were performed in different dissection models with tear sizes
of 6.4 mm and 3.2 mm in the following configurations; model A: proximal and distal tear simulating the most common
hemodynamic state in patients with TB-AD; model B: proximal tear only simulating patients with partial thrombosis and
occlusion of distal tear; and model C: distal tear only simulating patients sealed proximally via a stent graft with persistent
distal communication. To compare false lumen diastolic pressure between models, a false lumen pressure index (FPI%)
was calculated for all simulations as FPI%  (false lumen diastolic pressure/true lumen diastolic pressure)  100.
Results: In model A, the systolic pressure was slightly lower in the false lumen compared with the true lumen while the
diastolic pressure (DP) was slightly higher in the false lumen (DP 66.45  0.16 mm Hg vs 66.20  0.12 mm Hg, P <
.001, FPI%  100.4%). In the absence of a distal tear (model B), diastolic pressure was elevated within the false lumen
compared with the true lumen (58.95  0.10 vs 54.66  0.17, P < .001, FPI%  107.9%). The absence of a proximal tear
in the presence of a distal tear (model C) diastolic pressure was also elevated within the false lumen versus the true lumen
(58.72  0.24 vs 56.15  0.16, P < .001, FPI% 104.6%). The difference in diastolic pressure was greatest with a smaller
tear (3.2 mm) in model B. In model B, DBP increased by 13.9% (P < .001, R2 0.69) per 10 beat per minute increase in
heart rate (P < .001) independent of systolic pressure.
Conclusions: In this model of chronic type B aortic dissection, diastolic false lumen pressure was the highest in the setting
of smaller proximal tear size and the lack of a distal tear. These determinants of inflow and outflow may impact false lumen
expansion and rupture during the follow-up period. ( J Vasc Surg 2008;47:844-51.)
Clinical Relevance: Follow-up mortality rates are high in patients discharged from the hospital after an acute type B aortic
dissection. Previous data has suggested that patients with complete thrombosis of the false lumen have improved
outcomes, whereas those with a patent false lumen have an increased risk of aortic expansion and death. Recent data
indicates that partial thrombosis of the false lumen (the presence of both flow and thrombus) is a strong independent
predictor of mortality in these patients. A potential mechanism of poor outcomes in these patients may relate to the
obstruction of distal tears by thrombus from the false lumen to the true lumen resulting in restricted outflow and a
subsequent increase in false lumen pressure. Our model examines this hypothesis by measuring the pressures in the true
and false lumen in an ex-vivo model of aortic dissection by varying the determinants of inflow and outflow.From the Department of Internal Medicine, Division of Cardiovascular
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ical problem with high in-hospital and follow-up mortality
rates. Compared with the ascending aorta, acute dissections
confined to the descending aorta (Stanford type B) have
better in-hospital survival.1 Short-term and long-term
prognosis after discharge from the hospital remains less
clear. In a recent analysis from a contemporary registry of
acute type B dissection patients, one in four patients suc-
cessfully treated and discharged from the hospital were
dead at 3 years, which exceeds the cumulative incidence of
mortality in other diseases such as coronary artery disease,
moderate chronic obstructive pulmonary disease, and stage
II colon cancer.2 This suggests that current management
and follow-up strategies are suboptimal, and there is an
urgency to understand how to modify therapeutic and
surveillance strategies in order to improve outcomes.
Imaging studies suggest that complete thrombosis of
the false lumen has beneficial prognostic value while a
patent false lumen predicts poor outcomes.3-5 Partial
thrombosis of the false lumen, defined by the presence of
both flow and thrombus was recently found to be associ-
ated with a 2.7- fold increased risk of death compared with
patients with a patent false lumen.6
Previous clinical anecdotes and phantom models of
acute aortic dissection have shown that distal tears between
the true and false lumen downstream to a proximal intimal
tear, may help prevent true lumen collapse and the risk of
malperfusion syndromes during the acute dissection.7-9 A
differentmechanism of riskmay exist in patients with partial
thrombosis of the false lumen in the chronic phase. An
obstruction by thrombus of a previously patent distal tear
may impair outflow resulting in an elevated diastolic pres-
sure compared with a patient with a distal tear. Further-
Fig 1. A, Type B aortic dissection with a patent false lum
dissection with partial thrombosis of the false lumen. T
C, Type B aortic dissection with proximal stent graft andmore, in patients who receive aortic stent grafts coveringthe proximal tear, remaining uncovered distal tears may
also result in an elevated diastolic pressure compared with a
patient with a uncovered proximal tear (Fig 1).10,11
We hypothesized that determinants of inflow and out-
flow, such as the size and location of intimal tears, can
significantly increase the pressure within the false lumen of
patients with Stanford type B aortic dissection. The primary
aim of this study was to assess the pressure changes within
the false lumen after simulated changes in tear size, tear
number, and tear location in an ex-vivo model of chronic
aortic dissection.
METHODS
Description of the circuit. An ex-vivo circuit was
constructed to mimic the human circulatory system. The
circuit consisted of five components: (1) a pulsatile pump,
(2) an aortic arch, (3) the dissection model connected via a
silastic polymeric silicone tubing system, (4) a compliance
chamber, and (5) a collecting system (Fig 2). A parallel bar
clamp was used before and after the compliance chamber to
adjust peripheral resistance comparable with physiologic
values.
An aluminum mold was designed and fabricated to
create a compliant dissection model mimicking a chronic
type B aortic dissection with 50% of the circumference
dissected. The dimensions of the dissection model were
selected to approximate the anatomical measurements of
aortic dissections obtained from human clinical and patho-
logic studies. The dimensions were: aortic diameter  40
mm, aortic length 340 mm, true lumen wall thickness
3 mm, dissection flap thickness  2 mm and false lumen
thickness 1 mm (Fig 3).12-14 This ratio of different thick-
nesses is consistent with patho-anatomic studies which
aintained by proximal and distal tears. B, Type B aortic
minar thrombus can be seen occluding the distal tear.
nt distal tear.en m
he lashows two-thirds of full thickness of the aortic wall remains
of ex
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thickness media while one-third of the thickness remains in
the false lumen wall which contains partial media and
adventitia.15,16 Unlike previous models of acute type B
aortic dissection designed to evaluate true lumen collapse
using a floppy and very compliant dissection flap, our
model simulates a chronic dissection with a dissection flap
that is taught and stiff similar to the fibrosed flaps described
on cross-sectional imaging.4,17 A glass arch with a proximal
“windkessel” segment made of latex tubing and a diameter
of 30 mm was used to divert the flow just prior to the
Fig 2. Schematic
Fig 3. A, Photograph of dissection model. B, Photograph of
dissection model in cross-section. TL, true lumen; FL, false lumen;
a, true lumen wall thickness  3 mm; b, dissection flap wall
thickness  2 mm; c, false lumen wall thickness  1 mm.connection with the dissection model as is seen anatomically.Polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning Corp,Midland,Mich) at a ratio of six parts base to
one part curing agent was poured into the mold, degassed,
and cured in a 60 3°C oven for 18 hours. The PDMSwas
cooled and carefully removed from the mold. Uniaxial
tensile strength testing was performed on two dissection
models to ensure that tensile strength was within a clinically
relevant range. The mean tensile strength of 198.8  8.6
N/cm2, confirmed the tensile strength to be very similar
to a healthy human abdominal aorta (201.4  39.4
N/cm2).18,19 One side port on the false lumen was cannu-
lated with a 6F sheath (St Jude Medical, St Paul, Minn) to
measure false lumen pressures and true lumen pressures
weremeasured from the distal aortic arch.Holes mimicking
the size of anatomical tears between the true and false
lumen as imaged on computed tomography in humans
were simulated using 6.4 mm and 3.2 mm diameter hole
punches.17 The proximal hole was made distal to the con-
nection to the glass arch simulating the commonly dis-
sected entry point just distal to the location of the left
subclavian artery in humans.20 The distal hole was placed
240 mm from the proximal hole.
The perfusion fluid used was a Doppler Test Fluid,
Model 707 (ATS Laboratories Inc, Bridgeport, Conn)
warmed to 37°C formulated to mimic the physical proper-
ties of human blood. A pulsatile blood pump (Harvard
Apparatus, Holliston,Mass) with adjustable stroke volume,
heart rate, and phase ratio was used to simulate pulsatile left
ventricular output. For flow measurements, an ultrasonic
transit-time sensor was used (Transonic Systems Inc,
Ithaca, NY).
Flow dynamics. True and false lumen systolic pres-
sure and diastolic pressure were measured with a pressure
-vivo circulation.transducer (AD Instruments,ModelMLT-3018, Colorado
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(National Instruments Inc, Austin, Tex). Areas under the
curve were used to calculate mean pressures. Heart rate and
peripheral resistance were varied for different simulations
and stroke volume was maintained at 60 ml/stroke with a
fixed diastolic/systolic phase ratio of 60/40. Systemic pres-
sure was varied from 93/44 mm Hg to 198/171 by
changing the resistance and the heart rate. With changes in
heart rate between 40 to 80 beats per minute, flow rates
between 1.6 and 3.7 L/min, and peripheral resistance
between 1200 and 3113 dyne-s/cm5 were achieved.
Dissection model simulations. Multiple simulations
were performed in each dissection model varying heart rate
and peripheral resistance. Each dissection model was sub-
Fig 4. Dissection model configurations.Model A, Prox
Distal tear only.
Table I. Pressure in the true and false lumen stratified by
Model A B
Tear size and location
Pressure 6.4 mm proximal
and distal tear
6.4 mm proxi
tear
True lumen
Systolic (mm Hg) 117.34  0.10 111.29  0.
Diastolic (mm Hg) 66.20  0.12 54.66  0.
Mean (mm Hg) 91.46  0.25 78.24  0.
False lumen
Systolic (mm Hg) 116.51  0.16 105.76  0.
Diastolic (mm Hg) 66.45  0.16 58.95  0.
Mean (mmHg) 91.30  0.15 77.83  0.
Comparison
Mean difference DBPa 0.25  0.13 4.41  0.
FPI%b 100.4%  0.20 107.9%  0.
DBP, Diastolic blood pressure; FPI, false lumen pressure index.
aP value  .001 for all comparisons in the mean difference in DBP.
bP value  .001 for all comparisons in FPI%.jected to five different heart rates (40, 50, 60, 70, and 80beats per minute) and corresponding pressure waveforms
were recorded. Pressure values reported represent an aver-
age of 10 beats after hemodynamic conditions were at
steady state. To compare false lumen diastolic pressure
between models, a false lumen pressure index (FPI%) was
calculated for all simulations as FPI%  (false lumen dia-
stolic pressure/true lumen diastolic pressure)  100.
Statistical analysis. Continuous variables were ex-
pressed as the means  SD. The Wilcoxon rank sum test
was used to analyze simulation means of the systolic,
diastolic, and mean pressure within dissection models
and the difference between FPI% between dissection
models. Linear regression was used to test for an associ-
ation between heart rate and diastolic pressure in the
and distal tear.Model B, Proximal tear only.Model C,
size and tear location
C A B
6.4 mm distal tear 3.2 mm proximal
and distal tear
3.2 mm proximal
tear
114.58  0.18 101.42  0.18 124.04  0.15
56.15  0.16 58.01  0.16 61.46  0.22
78.62  0.18 83.19  0.18 88.63  0.25
107.86  0.13 96.48  0.13 112.89  0.08
58.72  0.24 60.91  0.24 67.14  0.04
77.62  0.19 82.26  0.19 87.53  0.31
2.57  0.21 2.90  0.21 5.68  0.16
104.6%  0.37 105.0%  0.26 109%  0.38imaltear
mal
08
17
23
06
10
31
16
31false lumen.
C wi
PI%, f
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Baseline flow dynamics. The baseline dissection
model used a 6.4 mm proximal and 6.4 mm distal tear as
commonly observed on spiral computed tomography in
humans (dissection model A, Fig 4). Data on true lumen
and false lumen pressure for the baseline dissectionmodel A
is shown in Table I. The systolic blood pressure was slightly
lower in the false lumen compared with the true lumen while
the diastolic pressure was slightly higher in the false lumen.
Within the false lumen, systolic pressure was 99.3%  0.13%
of true lumen pressure and diastolic pressure was 100.4% 
0.20% of true lumen pressure (P  .001). The mean arterial
pressures were not significantly different.
Effect of size and location of tear on flow dynamics.
In the absence of a distal tear (dissection model B, Fig 4),
Fig 5. Pressure waveforms.A,Dissection model A with
B with proximal 6.4 mm tear only. C, Dissection model
Table II. Pressures (mm Hg) in the presence of 3.2 mm p
heart rate
Heart rate TL-SP TL-DP TL-MP FL-SP FL-D
50 bpm 159.7 90.2 117.1 142.8 95
60 bpm 159.4 91.6 122.7 144.6 100
70 bpm 162.1 89.8 124.9 147.1 99
80 bpm 157.4 89.9 124.8 144.8 99
TL-SP, True lumen systolic pressure; TL-DP, true lumen diastolic pressure;
false lumen diastolic pressure; FL-MP, false lumen-mean pressure; SP‘, chan
pressure; FL-SP%, false lumen pressure as percent of true lumen pressure; Fsystolic pressure was significantly higher in the true lumen(111.29 mm Hg  0.08) compared with the false lumen
(105.76 mmHg 0.06, P .001) with a mean difference
of 5.5  0.1 mm Hg (Table I). Diastolic pressure was
elevated within the false lumen (58.95  0.10) compared
with the true lumen (54.66 0.17, P .001) with a mean
difference of 4.4 mmHg 0.2. False lumen pressure index
(FPI%) was higher in dissection model B compared with
dissection model A (107.9% vs 100.4%, P  .001). There
was an even greater effect on the difference in pressures in
model B compared with model A with the smaller tear size
(109.0% vs 105.0%, P  .001). In the absence of a distal
tear, the waveform of false lumen pressure was dampened
compared with true lumen pressure, with higher diastolic
pressure but lower systolic pressure (Fig 5).
The absence of a proximal tear in the presence of a distal
m proximal and 6.4 mm distal tear.B,Dissection model
th 3.2 mm tear only.
mal tear and constant systolic pressure with increasing
FL-MP SP‘ DP‘ MP‘ FL-SP% FPI%
115.1 16.9 5.6 2.0 89.4 106.2
121.3 14.7 8.7 1.4 90.8 109.5
123.2 15.0 9.3 1.7 90.7 110.3
123.3 12.6 9.2 1.4 92.0 110.2
P, true lumen mean pressure; FL-SP, false lumen systolic pressure; FL-DP,
systolic pressure;DP‘, change in diastolic pressure;MP‘, change in mean
alse lumen pressure as percent of true lumen pressure.6.4 mroxi
P
.8
.3
.1
.1
TL-M
ge intear (dissection model C, Fig 4) also correlated with a
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and an elevation of diastolic pressure (Table I). FPI% was
significantly higher in dissection model C vs A (104.6% vs
100.4%, P  .001).
Effect of heart rate on flow dynamics with constant
systolic pressure. In dissection model B (3.2 mm proxi-
mal tear only), the heart rate was adjusted by 10 beats per
minute while adjusting peripheral resistance to keep the
systolic pressures similar. Increasing heart rate under these
conditions resulted in a decrease in the difference between
systolic pressure in the true and false lumen while the
change in diastolic pressure between the true and false
lumen increased (Table II). Linear regression revealed that
an incremental increase in heart rate by 10 beats per minute
resulted in a diastolic pressure increase by 13.9% (P .001,
R2 0.69) and a normalized diastolic percentage that in-
creased by 1.3% (P  .001, R2 0.72).
DISCUSSION
Our study reveals differences in hemodynamic pres-
sures within the true and false lumen in models of chronic
type B aortic dissection which simulate different anatomic
configurations of tear size, number and location. The pres-
ence of an entry tear is associated with a significant decrease
in systolic pressure within the false lumen presumably due
to impairment in inflow from the true to false lumen. This
is similar to the pressure decrement that is measured prox-
imal and distal to a stenosis in a peripheral vessel. The lack
of a distal tear results in a significant increase in diastolic
pressure presumably due to an impairment of outflow from
the false lumen to the true lumen. The extent of the
decrease in systolic pressure and increase in diastolic pres-
sure in the false lumen is proportional to the tear size. With
a 50% decrease in tear diameter both proximally and dis-
tally, false lumen systolic pressure further decreased while
diastolic pressure increased.
Among the dissection models tested, the absence of a
distal tear was associated with the largest incremental in-
crease in false lumen diastolic pressure between 4% and 9%
greater than true lumen diastolic pressure within each
dissection model. Further, false lumen diastolic pressure as
a percentage of true lumen diastolic pressure (false lumen
pressure index) in dissection model B (without a distal tear)
was consistently higher than diastolic pressure in dissection
model A (with a distal tear) (107.9% vs 100.4%, P .001).
The blind end of the false lumen impairs outflow of the
blood that enters during systole which results in an in-
creased diastolic pressure and the dampened waveform that
was observed. A similar but blunted phenomenon is also
observed when the proximal tear is occluded in the pres-
ence of a patent distal tear.
This theory is further supported by both clinical and
model based studies of abdominal aortic aneurysms with
incomplete endovascular exclusion in the presence of an
endoleak. In this situation, studies suggest that hemody-
namic changes in the aneurysm sack are affected by the size
of the endoleak and the presence of a patent collateral
serving as outflow.21,22 In a model of an endoleak withimpaired outflow, higher aneurysmal sac pressures were
demonstrated and have been clinically linked to aneurysm
expansion and rupture.21
Additionally, we showed that in the absence of a distal
tear (Table II), increases in heart rate lead to increased false
lumen diastolic pressure independent of systolic pressure in
the true lumen. Here, we suspect that as heart rate increases
and diastolic filling time decreases, less outflow from the
false lumen occurs before the next systolic cycle promoting
a further increase in diastolic pressure in the false lumen.
This correlates with the potential for heart rate control in
the management of type B aortic dissection to diminish
false lumen expansion risk over time.
Mean arterial pressure is consistently lower in the false
lumen despite an increase in the diastolic pressure. This
likely reflects the concomitant decrease in systolic pressure.
La Place’s law dictates that the wall stress of an artery is
proportional to the radial and intraluminal pressure and
inversely proportional to wall thickness. Therefore, the
increase in pressure, which occurs during the longer dia-
stolic phase, will increase wall tension over a longer period
of the cardiac cycle and may increase the risk of expansion
and rupture. Additionally, since the full thickness of the
aorta is thought to dissect in a two-thirds, one-third con-
figuration, the thinner wall of the false lumen is subjected to
even greater wall tension.16
Epidemiologic studies in aortic dissection evaluating
the impact of systolic, diastolic, or mean blood pressure on
expansion or clinical outcomes are lacking. However, the
majority of clinical studies evaluating predictors of abdom-
inal aortic aneurysm growth and subsequent mortality have
implicated modest changes in diastolic blood pressure as
consistent hemodynamic predictors of aneurysm expansion
and rupture.23-27 In a study of 18,403 patients examined at
age 40 to 64 years, the risk of dissecting aneurysms was
increased by 2.4-fold for every 10 mm Hg increase in
diastolic blood pressure (odds ratio 2.4 confidence interval
[1.7-3.2]).26 In other cardiovascular disorders, small
changes in systolic and diastolic blood pressure have signif-
icant implications in the incidence of myocardial infarction
and stroke.28,29
In type B aortic dissection, the false lumen could be
likened to an abdominal aneurysm given its relative paucity
of elastin layers after the dissection has separated the intima
and part of the media. The more elastin rich true lumen
may function as a load bearing element during systole,
while the less distensible, elastin poor false lumen may bear
the brunt of the diastolic pressure during the longer dia-
stolic phase of the cardiac cycle.
These observations suggest that in chronic type B aortic
dissection, configurations of impaired outflow from the
false lumen such as the lack of a distal tear could result in
increased diastolic pressure within the false lumen which
may cause an increased risk of false lumen expansion and
rupture. In acute aortic dissection, this concept is the basis
for aortic fenestration to relieve malperfusion syndromes
from true lumen collapse.7,9 In the chronic phase, with
identical systemic pressures, a patient without a distal tear
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distal tear. The elevated risk in patients with partial throm-
bosis of the false lumen could relate to the blockage of
previously existing distal tears (Fig 1). Other potential
mechanisms for elevated risk from partial false lumen
thrombus include potential for distal emboli and local wall
hypoxia leading to neovascularization, inflammation, and
decreased tensile strength.19 Additionally, stent grafting of
descending dissections with the goal to induce false lumen
thrombosis needs to be reconsidered if distal tears remain
patent. As our ex vivo model shows, distal tears are associ-
ated with significant pressures in the false lumen which may
fail to thrombose and remodel.10,11
Several limitations of this study should be noted. Al-
though the tensile strength of our dissection model was
very similar to a healthy human abdominal aorta, the actual
tensile strength of the true and false lumen of the descend-
ing aorta is unknown and other physical properties such as
the shear modulus of our model may be dissimilar. How-
ever, the properties of PDMS give an accurate non-rigid-
wall experimental model to mimic human aortic tissue.
Furthermore, true and false lumen tensile strengths from
patient to patient are likely to be different given the differ-
ent quantities of elastin and collagen within the walls of the
different lumens. Also, the pressure measurements within
the true and false lumen were checked in only one location.
The hemodynamic differences owing to different tear loca-
tions or the presence of greater than two tears were not
explored. Lastly, the effects of space occupying thrombus,
patent side branches, or both on false lumen hemodynam-
ics are unknown and warrant further investigation.
Practical application. Follow-up mortality in patients
with acute type B aortic dissection is high and current
surveillance and treatment strategies appear to be inade-
quate. Cross-sectional imaging during the follow-up period
focuses on the diameter of the postdissection aneurysm
whose indications for operative intervention are similar to
those of other thoraco-abdominal aneurysms.30 Better pre-
dictors of false lumen expansion and dissection-related
morbidity and mortality are needed. This study provides
experimental evidence that the false lumen diastolic pres-
sure in patients without distal tears may be higher than
patients with proximal and distal tears. Increased diastolic
pressure in the false lumen may portend worse outcomes as
has been observed in studies of abdominal aortic aneu-
rysms. Furthermore, the model shows that the proximal
and distal tears of the dissected aorta can be “entry” tears
during systole and may explain the failure in some cases of
treating a dissection by closing the proximal tear with a
stent graft in the setting of distal uncovered tears.
Current imaging technology such as dynamic magnetic
resonance imaging and cardiac gated multidetector com-
puted tomography offer the potential of better defining the
inflow and outflow characteristics of the false lumen as well
as the presence of thrombus. We postulate that patients
with impaired outflow from the false lumen may be at
increased risk for expansion and aortic related events and
may require more aggressive management including sur-gery or stent-graft therapy. In patients treated with stent
grafts, sustained distal false lumen flow despite successful
sealing of the thoracic proximal tear may warrant adjunctive
treatment of the distal tears.
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